Comparison of the Fermi-surface topologies of k-(BEDT-TTF) 2 Cu(NCS) 2 and its 

deuterated analogue 
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We have measured details of the quasi one-dimensional Fermi-surface sections in the organic 
superconductor k-(BEDT-TTF)2Cu(NCS)2 and its deuterated analogue using angle-dependent 
millimetre- wave techniques. There are significant differences in the corrugations of the Fermi surfaces 
in the deuterated and undeuterated salts. We suggest that this is important in understanding the 
inverse isotope effect, where the superconducting transition temperature rises on deuteration. The 
data support models for superconductivity which invoke electron-electron interactions depending on 
the topological properties of the Fermi surface. 

PACS numbers: 71.18.+y, 71.27. +a, 72.80.Le, 74.70.-b, 78.70.Gq 



The nature of the superconducting groundstate in 
quasi-two-dimensional charge-transfer salts such as re- 
(BEDT-TTF) 2 Cu(NCS) 2 has attracted much recent ex- 
perimental g, |, |, § and theoretical §, § g, §, § in- 
terest. The majority of the experimental data suggest 
that the superconductivity is not describable by a simple 
BCS-likc, phonon-mediated approach (for a review, see 
Refs. [f|, |l(J and refs. therein). Consequently, a number 
of the theoretical treatments invoke pairing mediated by 
electron-electron interactions and/or antifcrromagnetic 
fluctuations || ||, @, f| ||- In such a scenario, the "nesta- 
bility" of the Fermi surface is an important considera- 
tion; it is expected that alterations of the Fermi-surface 
topology will affect the superconducting transition tern- 
perature g| 

In this context, the observation of a "negative iso- 
tope effect" in k-(BEDT-TTF) 2 Cu(NCS) 2 may be of 
great importance [O, ^2|; on replacing the terminal 
hydrogens of the BEDT-TTF molecule in k-(BEDT- 
TTF) 2 Cu(NCS) 2 by deuterium, it was found that an in- 
crease (AT C w 0.3 K) in the superconducting critical tem- 
perature T c occurred [O, [l^]. By contrast, isotopic sub- 
stitutions of other atoms in the BEDT-TTF molecule or 
in the anion layer produce a very small, normal isotope ef- 
fect or no significant isotope effect at all, respectively [^2| . 
In this paper we describe millimetre-wave measurements 
which compare the Fermi surfaces of deuterated and con- 
ventional samples of k-(BEDT-TTF) 2 Cu(NCS) 2 . The 
data suggest that it is primarily the changes in the topol- 
ogy of the Fermi surface brought about by deuteration 
that cause the observed isotope effect, supporting mod- 
els for superconductivity involving pairing via electron- 
electron interactions |], || ^, ||, [|. 

The Fermi surface of k-(BEDT-TTF) 2 Cu(NCS) 2 com- 
prises a quasi-two-dimensional (Q2D) pocket (the a 
pocket) and a pair of quasi-one-dimensional (Q1D) 
sheets ; it is similar to that used by Pippard to predict 
magnetic breakdown |Q . It is known that the a pocket 
is hardly affected by deuteration B, and so our mea- 
surement concentrates on the Q1D sheets. Fermi-surface 



traversal resonances (FTRs) |T^, [l6| (i.e. resonances 
in the high-frequency conductivity caused by magnetic- 
field-induced motion of quasiparticles across the Fermi 
sheets) are used to infer the corrugations of the sheets. 

The experiments involved single crystals of k-(BEDT- 
TTF) 2 Cu(NCS) 2 (~ 0.7 x 0.5 x 0.1 mm 3 ; mosaic spread 
<0.1°), produced using electrocrystallization (Tl], p"2| . 
In some of the crystals, the terminal hydrogens of the 
BEDT-TTF molecules were isotopically substituted by 
deuterium; we refer to the deuterated samples as d8, 
and conventional hydrogenated samples as h8. A sin- 
gle sample is mounted at the centre (in a magnetic field 
antinode) of a rectangular cavity of inner dimensions 
1.55 x 3.10 x 6.00 mm 3 resonating at 72 GHz in the TE W2 
mode |1|; the oscillating ii-field lies within the sample's 
Q2D (b, c) planes. In this configuration, the effective 
skin depth is very large, and the GHz fields penetrate 
the bulk of the sample The cavity can be rotated 

with respect to the external quasistatic magnetic field B 
so as to vary the angle 9 between B and the normal to the 
sample's Q2D planes |l5}| ; the normal to the Q2D planes 
is the a* direction of the reciprocal lattice |l7], |l8). In 
addition, the sample can be turned about a* within the 
cavity, so as to vary the plane of rotation, defined by the 
azimuthal angle <j> p5[ . The angles 9 and <f> and their 
relationship to the QID sheet of the Fermi surface are 
given in the inset to Fig. |l|. 

Experiments were carried out on samples of d8 k- 
(BEDT-TTF) 2 Cu(NCS) 2 for angles -70° < 9 < 70° for 
four different azimuthal angles <ft. Fig. [I] shows results 
for an azimuthal angle of <f> = 5° for 9 values between 
0° and 70° in 5° steps, at a temperature of 1.5 K. At 
low fields (around 4 T at 9 — 0°) one absorption can 
be seen (thick dashed line in Fig. [l]). This is related 
to the superconducting to normal transition of the sam- 
ple ||; it follows the 9 dependence of the upper critical 
field, (ioH C 2, which varies approximately as 1/ cos (9 [ fl9| |. 
At high field magnetic quantum oscillations are observed, 
indicating that the sample is pure; the angular behaviour 
of the frequency F of the oscillations (F oc 1/ cos 9) pro- 
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give rise to a FTR with the ip dependence JTa BlJ 
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FIG. 1: Transmission of a cavity loaded with a d8 k-(BEDT- 
TTF)2Cu(NCS)2 sample versus magnetic field. The tempera- 
ture was 1.5 K and = 5°. Field sweeps at angles from 8 = 0° 
(bottom) to 70° (top) in 5° steps are shown, normalised and 
offset for clarity. The thick dashed line shows the position of a 
feature associated with the superconducting-to-normal tran- 
sition, while the fine dashed lines show the FTRs. Inset: the 
relationship between the coordinates B, 9 and (f>, the compo- 
nent of the field B|| and the angle tp. R indicates the axis of 
the Fermi-surface corrugation. 



vides a check of the angle 9 [jl(J. At some 9, magnetic 
breakdown oscillations, caused by tunnelling between the 
Q2D and Q1D Fermi-surface sections, are superimposed 
on the lower frequency oscillations caused by the Q2D 
pocket 1 10, [l5|| . At intermediate fields there are two 
broad absorptions |M (fine dashed lines); their (9, tt>) de- 



pendence (see below) allows them to be unambigously 
attributed to FTRs caused by the Q1D sheets. 

The field positions of the FTRs were recorded for all 
angles studied. In order to analyse the FTRs, the exper- 
imental coordinates B, 9 and <f> must be converted into 
the component of the field B|| within the plane of the 
Q1D Fermi-surface sheets, and the angle ip between the 
normal to the sample's Q2D planes and Bm (see Fig. [j], 



inset) 15 . This done via the equations 



B|| = 21 \ / sin 2 9 cos 2 . 



cos 2 9, 



tanip = tan#cos0. (1) 
Each corrugation of the Q1D Fermi sheets is expected to 
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Asm{ip - ipo). 



(2) 




Here, u is the angular frequency of the millimetre- waves, 
A is a constant depending on details of the Fermi sur- 
and ipo defines the axis of the corrugation R 
inset). As the millimetre- wave frequency is held 
constant, the FTRs should lie on sinusoidal "arches" 
when lABi is plotted as a function of ip |ll| . 

Fig. U shows the FTR positions plotted in terms of 
1/.B|| and ip. Apart from a region close to tp = +100° 
where the feature associated with the superconducting 
to normal transition obscures the FTRs at some </>, mak- 
ing the exact position difficult to gauge, the data lie 
on two "arches", shown as curves (Fig. |^); the curves 
were obtained by fitting the data to Eqn. [2| This in- 
dicates that the Q1D Fermi surface of d8 k-(BEDT- 
TTF)2Cu(NCS)2 has two distinct corrugations, with 
their axes Ri and R2 at angles ipo = 17.9° ± 2.0° and 
39.8° ± 2.0° to a* respectively. 
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FIG. 2: The field positions of the resonances in d8 k-(BEDT- 
TTF) 2 Cu(NCS) 2 in FTR coordinates. Data for four different 
azimuthal angles studied at 1.5 K are shown; squares <j> = 
—40°; circles <j) — —25°; triangles = 5°; stars <f> = 35°. 
Two curves (solid lines) show the fits to the resonances using 
Eqn The dotted lines show equivalent fits to data from h8 
k-(BEDT-TTF) 2 Cu(NCSV For clarity the data points have 
been omitted (see Ref. Jl5| for representative data). 

Equivalent experiments were carried out in h8 k- 
(BEDT-TTF) 2 Cu(NCS) 2 . (Some representative data 
are shown in Ref. [fl5|). Again, the resonance positions 
lie on two "arches" (shown in Fig. |^), implying that the 
Q1D Fermi surface of h8 k-(BEDT-TTF) 2 Cu(NCS) 2 has 
two distinct corrugations 6a]. In this case, the corru- 
gation axes Ri and R 2 are at angles ipo — 21.2° ± 2.0° 
and -20.8° ± 2.0° to a* respectively. The data for both 
samples are summarised in Table |. 
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k-(BEDT-TTF) 2 Cu(NCS) 2 has a monoclinic crystal 
structure with the crystallographic a-axis at an angle of 
20.3° to the normal to the Q2D planes (a*) 0; in this 
respect, the crystal structures of d8 and h8 k-(BEDT- 
TTF) 2 Cu(NCS) 2 appear identical Jl|. Within tight- 
binding bandstructure, the corrugation axes of a Fermi 
surface usually relate to the primitive lattice translation 
vectors of the real-space lattice [^2|. Rather than work 
in terms of the angle ^o, which defines the directions of 
the corrugation axes with respect to a*, it is more use- 
ful to use the angle *£q, which relates to the real-space 
vector a. Once this is done (Table |), it is plain that the 
corrugation axis Ri in both the d8 and h8 samples lies 
very close to the a (interlayer) direction. By contrast, 
the direction of R 2 , the second corrugation axis, differs; 
with reference to the primitive lattice translation vectors 

T mn = ma + nc (3) 

where m and n are integers, we find that in d8, R 2 is 
very close in direction to T 2 _i, whereas in h8, it is close 
in direction to Tu (Table |). The reasons for the domi- 
nance of these particular directions are unclear; however, 
interlayer coupling through the anion layer is presently 
poorly understood at a molecular-orbital level. It is pos- 
sible that a variety of overlap-pathways may be oper- 
ative and that the choice of dominant overlap-pathway 
through the anion layer depends very sensitively on the 
exact coordinates of the terminal end of the BEDT-TTF 
molecule. In this context, it will be very useful to have 
high-resolution structural experiments which address the 
detailed differences between h8 and d8 at low tempera- 
tures @. 

Finally, it is interesting to work out the relative am- 
plitudes of the corrugations in h8 and d8 k-(BEDT- 
TTF) 2 Cu(NCS) 2 . Models of FTR allow one to re- 
late the intensity of the FTR to the amplitude of 
the Fermi-surface corrugation |2l[]. Measurements of 
the d.c. transport properties of d8 and h8 k-(BEDT- 
TTF) 2 Cu(NCS) 2 suggest that the transfer integral ij. 
in the a direction is very similar in the two materials 
(tj_ « 0.04 meV) [[13). This implies that the Fermi- 
surface corrugations along Ri should be very similar in 
d8 and h8 Q; in d8 and h8 samples with equal vol- 
ume the corresponding FTRs should have the same in- 
tensity |2~l| |. The average intensities / of each FTR for 
9 = 0° are shown in Table |. As the samples are of differ- 
ent size, the intensities of the FTRs have been normalised 
to that of the FTR corresponding to Ri. 

Using the periodicity in fc-space flTjl , the relative in- 
tensities of the FTRs, and the orientations Wo of Ri and 
R2, it is possible to make a comparison of the Q1D Fermi 
sheets for both materials. Fig. [| shows these representa- 
tions, with the corrugations, assumed sinusoidal, shown 
at the same scale. This scale is chosen so that the differ- 
ences between d8 and h8 are clear; in reality, the small 
measured value of t± Q suggests that the corrugations 
will be on an extremely small scale. 




FIG. 3: (a) Representation of the Q1D Fermi-sheet topol- 
ogy in h8 /s>(BEDT-TTF) 2 Cu(NCS) 2 derived from the 
fits to the FTR data; (b) the same for d8 k-(BEDT- 
TTF) 2 Cu(NCS) 2 plotted at the same scale. The corruga- 
tions have been greatly enhanced for clarity, (c) Plan view 
of the Fermi surface of K-(BEDT-TTF) 2 Cu(NCS) 2 , showing 
the Q2D pocket and Q1D sheets (a) and (b) represent 
side views (i.e. looking along kb) of the Q1D sheets. 



Despite an intensive search, no features attributable to 
cyclotron resonance (CR) due to the Q2D Fermi-surface 
pocket were observed in either d8 or h8, in agreement 
with previous studies . The response of our cavity sys- 
tem is dominated by the interlayer component of the sam- 
ple's high-frequency conductivity |l^, Fermi-surface 
sections with more complex corrugations in the inter- 
layer direction will dominate the high-frequency inter- 
layer conductivity recent resistivity measurements 
of k-(BEDT-TTF) 2 Cu(NCS) 2 suggest that the corruga- 
tions of the Q2D pocket are simpler and more regular 
than those of the Q1D sheets perhaps explaining 
the absence of CR. Similarly, the in-plane corrugations 
of the Q1D sheet (Fig. ||(c)) will have little effect on the 
high-frequency interlayer conductivity plf , and therefore 
do not result in detectable FTRs. 

It is obvious that there is a difference between the Q1D 
Fermi sheets of the two materials, with the corrugations 
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A/u 
ipo 

#0 
T "mn 

I 



d8 Ri 
0.198 ±0.004 
17.9 ± 2.0° 
-2.4 ±2.0° 
Tio 
1 



d8 R 2 
0.131 ± .002 
39.8 ± 2.0° 
19.5 ± 2.0° 

T 2 _i 
0.34 ± 0.06 



h8 Ri 
0.204 ±0.004 
21.2 ± 2.0° 
0.9 ± 2.0° 
Tio 
1 



h8 R 2 
0.168 ±0.004 
-20.8 ± 2.0° 
-41.1 ± 2.0° 
Tn 

6±2 



TABLE I: The values for A/uj (see Eqn. g), ipo (angle of corrugation axis with respect to a*) and (angle of corrugation 
axis with respect to a) for each of the FTRs seen in d8 and h8 k-(BEDT-TTF) 2 Cu(NCS) 2 . Also shown are the vectors T m „ 
which define the directions of the corrugation axes Ri and R 2 (see Eqn. ^). / is the average intensity of the FTR at 6 = 0° 
normalised as described in the text. 



in h8 being stronger; the dominant corrugation has axis 
R 2 , at -41.1° to a. By contrast, the corrugations in d8 k- 
(BEDT-TTF) 2 Cu(NCS) 2 are weaker, and are dominated 
by that with axis Ri lying along a. This suggests that the 
Fermi surface of d8 k-(BEDT-TTF) 2 Cu(NCS) 2 would be 
more amenable to nesting than that of h8. 

Our data support models for superconductivity such as 
those of Refs. || [jj. In these, the pairing of electrons is 
mediated by electron-electron interactions which depend 
on the "nestability" of the Fermi-surface; hence they pre- 
dict a T c which is sensitive to the details of the Fermi- 
surface topology. The difference between the Q1D Fermi 
sheets of d8 and h8 k-(BEDT-TTF) 2 Cu(NCS) 2 measured 
using FTR can thus explain the isotope effect; the Q1D 
Fermi sheets in the d8 samples are less corrugated (and 
therefore more nestable), leading to a higher T c . 

In summary, we have measured details of the Fermi- 



surface topology of the deuterated organic superconduc- 
tor k-(BEDT-TTF) 2 Cu(NCS) 2 , and compared them 
with equivalent measurements of the undeuterated salt. 
We find that the quasi-one-dimensional Fermi-surface 
sheets are significantly more corrugated in the undeuter- 
ated salt, perhaps explaining the "inverse isotope effect" 
observed on deuteration. Our data support models for 
exotic d-wave superconductivity in the organics which 
invoke electron-electron interactions depending on the 
topological properties of the Fermi surface. 
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